Seaweed is a source of multipurpose bioresources, providing millions of dollars to the world's economy and performing various ecosystem services that aid in maintaining marine balance, reducing eutrophication, providing nutrients and mitigating atmospheric CO 2 . In this context, this study aims to evaluate the potentialities of the cultivation of the Crassiphycus birdiae seaweed on the eastern coast of the state of Rio Grande do Norte (RN), Brazil, considering the physical and environmental aspects. Estimates concerning suitable areas and their productive potential for the Biomass, Bioethanol, Biofertilizer and Agar bioproducts were carried out. These estimates were based on the Modular Ferry System (MFS) installed on the state coast. Suitable cultivation areas were determined by applying an Analytic Hierarchy Process (AHP) and change detection analysis based on physical and infrastructure factors, such as areas sheltered by winds, sea currents and waves, proximity to seaweed banks, road infrastructure and socioeconomic and environmental factors. Areas identified as suitable for seaweed cultivation totaled 2227.59 ha in area, with a productive potential of 195 thousand tons of fresh biomass/year, over two million liters of ethanol/year and about 43 tons of agar/year. These findings demonstrate that the northeastern coast of Brazil has the potential to generate employment and income through seaweed cultivation, stimulating the coastal region's development in a sustainable manner.
Introduction
Seaweeds have long been used by mankind, as they are extremely versatile, especially regarding human and animal nutrition and as cosmetics and fertilizers [1] . Their potential in biofuel production has also been demonstrated, beginning in the 2000s. [2] [3] [4] , as many seaweed species display excellent growth rates and are rich in carbohydrates [1] . In addition, the use of seaweed as carbon dioxide Coastal areas displaying potential for seaweed production, identified by [30] , are highlighted in red. Source: The authors.
Two commercial C. birdiae seaweed crops are present in the study area, at two artisanal fishing communities located at the Rio do Fogo and Pitangui beaches, at the Rio do Fogo municipality and Extremoz municipality, respectively.
Cultivation at Pitangui beach, located 25 km from the state capital, is carried out approximately 100 m from the beach line, at an approximate bathymetric depth of 3 m, occupying 4 ha, belonging to the Pitangui Algae Mariculture and Beneficiation Association (AMBAP). Cultivation at the Rio do Fogo beach, 70 km from Natal, occupies 1 ha, is located 190 m from the coast and belongs to the Rio do Fogo Mariculturists Association (AMAR).
Methods

Crop Area Selection Criteria
Sousa et al. [30] mapped the entire RN coast, totaling 3316.82 ha, with potential for C. birdiae cultivation. A total of 94.6% of the assessed area (3137.64 ha) was considered highly adequate or adequate, while 4.4% was evaluated as inadequate. A total of 2232.20 ha are located on the eastern RN coast, which were assessed in the present study.
The area classification carried out by [30] considered as a selection parameter coastal areas sheltered from waves and currents, with depths ranging between 1.0 and 3.0 m. A Hierarchical Analysis Process (AHP) of the cultivation variables was used to conduct a spatial analysis, where the variables were evaluated by means of a paired comparison matrix on a continuous scale, from the least important (1/9, 1/7, 1 / 5… 1/2) to the most important variables (1, 2, 3… 9) . Table 1 expresses the Pairwise Comparison Matrix (PCM) used to assess the relative importance of the parameters applied for seaweed cultivation in RN. The weights of each variable as a crop evaluation criterion were generated and used as weighting factors for the crop potentiality of each selected area. Coastal areas displaying potential for seaweed production, identified by [30] , are highlighted in red. Source: The authors.
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The resulting image from this analysis ( Figure 2 ) derives from an eight-level classification, ranging from the most appropriate area (level 8) to the least appropriate (level 1). The combination of all physical, social and infrastructure seaweed cultivation parameters indicates that 53.67% of the analyzed areas were classified by the authors as 8 and 7 (highly adequate), 40.93% as 6 and 5 (moderately adequate) and only 5.40% of the regions received a score of 4 (inadequate). Figure 2 displays the selection and hierarchization of potential C. birdiae seaweed production areas on the RN coast, obtained from values reported by [30] . The multicriteria evaluation (MCE) used to identify appropriate seaweed development areas by [30] applied variables considered essential for seaweed cultivation. According to the authors, the variables with the highest weights in determining cultivation potential were the distance from cultivation sites to urban areas, the distance from the main city, the distance from the market and the distance from estuaries. The lowest weights were assigned to the distance from the districts, roads, sheltered coasts and seaweed banks. The multicriteria evaluation (MCE) used to identify appropriate seaweed development areas by [30] applied variables considered essential for seaweed cultivation. According to the authors, the variables with the highest weights in determining cultivation potential were the distance from cultivation sites to urban areas, the distance from the main city, the distance from the market and the distance from estuaries. The lowest weights were assigned to the distance from the districts, roads, sheltered coasts and seaweed banks.
This assessment also incorporates social and environmental vulnerability indicators as criteria used to consider the sustainability level of the identified areas. Figure 3 summarizes the modeling process applied in the present study. 
Social and Environmental Vulnerability Indicators
A change detection analysis using remote temporal sensing data was applied to identify social and environmental vulnerability areas [39] . In this approach, areas were classified based on detected change levels, where those with the highest change levels are classified as "most vulnerable", while areas with the lowest or most stable change levels are considered "less vulnerable".
Two scenes from the Landsat satellite point and orbit (214/064) ETM+ sensor from 4 August 2001 and OLI sensor from 23 August 2017, with a spatial resolution of 30m, were used for the change detection analysis. The Landsat 7/s ETM+ band 3 and Landsat 8's OLI band 4 correspond to the red visible spectrum band [40] . This portion of the spectrum is capable of detecting a wide range of water, rock, soil, vegetation and urban area reflection behaviors. The comparison of the assessed scenes, on a timescale, was used to detect changes in environmental compartments [41] .
Landsat 7 and 8 orbital images were pre-processed at the L2 level, subjected to atmospheric corrections and made available on the USGS/Earth Explorer web site. However, other parameters such as sensor life may lead to target reflectance pattern variations when images are compared at different times. The most applied digital orbital image processing technique to remove these variations is principal component analysis (PCA) [42, 43] . In this case, Landsat 7 ETM+ band 3 and Landsat 8 OLI band 04 were combined/fused, and two principal components (PC) were extracted. The first PC accounts for the highest variance and auto correlation between the bands, indicating behavioral spectral response similarities between them. The second component was used as the shift detection image, as it describes reflectance variances not correlated between the analyzed bands. 
Landsat 7 and 8 orbital images were pre-processed at the L2 level, subjected to atmospheric corrections and made available on the USGS/Earth Explorer web site. However, other parameters such as sensor life may lead to target reflectance pattern variations when images are compared at different times. The most applied digital orbital image processing technique to remove these variations is principal component analysis (PCA) [42, 43] . In this case, Landsat 7 ETM+ band 3 and Landsat Sustainability 2020, 12, 780 8 of 20 8 OLI band 04 were combined/fused, and two principal components (PC) were extracted. The first PC accounts for the highest variance and auto correlation between the bands, indicating behavioral spectral response similarities between them. The second component was used as the shift detection image, as it describes reflectance variances not correlated between the analyzed bands.
The image of the second PC was classified into change levels, and the frequency histogram of the pixel value classes was categorized into four parts, in order to identify normal modification variations that characterize the most pronounced changes [43] . Thus, the values between the mean and the standard deviation (X ± SD) were classified as normal variations occurring between 2001 and 2017. On the other hand, values within the limits between X ± SD and X ± 2SD were classified as the first level of change (soft changes), while values between X ± 2SD up to the extremes (maximum and minimum value) were classified as the second level of change (extreme changes).
In this case, the cost distance algorithm displayed a coefficient of friction inversely proportional to the vulnerability class, with a coefficient of friction of 1.0 applied to areas within the 2nd limit of accentuated changes and of 2.0 to areas falling below this limit, located within the 1st limit of sharp changes. A coefficient of friction of 10.0 was applied to other regions that do not comprise any vulnerable areas.
The classified image of the second PC was used to produce an environmental vulnerability map, excluding normal variation classes and maintaining only accentuated change classes. Each accentuated change class was taken into account to produce a cost distance surface (CDS), with greater weight being given to crop areas located near the most vulnerable or most intense areas of change. Figure 4 displays the hypothetical CDS from areas presenting mild change (A) to those displaying extreme changes (B), i.e., areas ranging from minor to greatest vulnerability, located near crop areas 1, 2 and 3. Dark red tones refer to the shortest distances from the most vulnerable areas (B) with lowest coefficient of friction, light red tones (A) with the highest coefficient of friction), while blue tones (farthest from areas A and B) have the maximum coefficient of friction. Crop area 2 presents lower friction and distance costs for A and B, area 1 presents greater friction than area 2, and area 3 presents greater friction than areas 1 and 2. values between X ± 2SD up to the extremes (maximum and minimum value) were classified as the second level of change (extreme changes). In this case, the cost distance algorithm displayed a coefficient of friction inversely proportional to the vulnerability class, with a coefficient of friction of 1.0 applied to areas within the 2nd limit of accentuated changes and of 2.0 to areas falling below this limit, located within the 1st limit of sharp changes. A coefficient of friction of 10.0 was applied to other regions that do not comprise any vulnerable areas.
The classified image of the second PC was used to produce an environmental vulnerability map, excluding normal variation classes and maintaining only accentuated change classes. Each accentuated change class was taken into account to produce a cost distance surface (CDS), with greater weight being given to crop areas located near the most vulnerable or most intense areas of change. Figure 4 displays the hypothetical CDS from areas presenting mild change (A) to those displaying extreme changes (B), i.e., areas ranging from minor to greatest vulnerability, located near crop areas 1, 2 and 3. Dark red tones refer to the shortest distances from the most vulnerable areas (B) with lowest coefficient of friction, light red tones (A) with the highest coefficient of friction), while blue tones (farthest from areas A and B) have the maximum coefficient of friction. Crop area 2 presents lower friction and distance costs for A and B , area 1 presents greater friction than area 2, and area 3 presents greater friction than areas 1 and 2. This procedure allowed for the development of a CDS between the environmental vulnerability areas and the areas with the highest weight and lower coefficient of friction and, consequently, lower distance cost, closer to areas that underwent the most changes between 2001 and 2017. The IDRISI Selva software was used to produce the distance cost map.
This scenario is based on the premise that cultivated areas close to areas presenting greater environmental vulnerability lead to change pressures concerning local populations, such as coastal erosion, deforestation, dune movements and increased urbanization in coastal areas, among others, being thus subject to more intense changes, favoring seaweed cultivation activities. This, in turn, gives this activity a greater weight regarding the promotion of local sustainability, through the mitigation of social and environmental impacts, fixing fishing populations that use seaweed cultivation as a source of income ( Figure 3 ).
It should be noted that coastal populations which are potentially available for seaweed cultivation lack the cultural and financial capital that favors their access to credit and technical assistance, and thus are vul- This procedure allowed for the development of a CDS between the environmental vulnerability areas and the areas with the highest weight and lower coefficient of friction and, consequently, lower distance cost, closer to areas that underwent the most changes between 2001 and 2017. The IDRISI Selva software was used to produce the distance cost map.
It should be noted that coastal populations which are potentially available for seaweed cultivation lack the cultural and financial capital that favors their access to credit and technical assistance, and thus are vulnerable to market dictation.
Significant migrations from inland to coastal populations, motivated by new jobs and income opportunities, where tourism is strongly attractive, have intensified social conflicts caused by the region's socioeconomic vulnerability, further deteriorating the living conditions of communities, and contributing to the progressive depletion of seaweed banks and fishing stocks.
The lack of proper management also contributes to the extinction of natural algae banks, which makes it imperative, in an incentive process for algaculture, to implement experimental crops oriented to act as a practical aid and technical support for the development and implementation of family farms and the restoration of natural banks.
Therefore, it is essential to minimize the risks and maximize the gains from the promotion of algae cultivation in the study area, to design public policy oriented to the generation of employment, income, and settlement of the populations in the coastal areas. These demands must be aligned with the socio-economic and environmental demands of this activity.
Another crop sustainability criterion applied herein consisted in the social condition of local populations. Therefore, the main indicator used in this case was per capita family income or household income. Income distribution allows for the evaluation of how wealth distribution occurs, and the population's access conditions to goods and services. In Brazil, the most vulnerable population in terms of family or household income are those who earn less than the national minimum wage-about USD 250.00, based on June 2019-established as necessary to maintain a family of four [44] . Data on household incomes were obtained from the Brazilian Institute of Geography and Statistics (IBGE) [45] .
The vector point file used to identify the populations and their family income was spatialized by the Voronoi triangulation method, widely used for data or social phenomena decomposition [46] of a given space. The generated polygons were converted from vector to matrix form, generating a continuous family income surface of localities near the cultivation areas.
Social and Environmental Sustainability Indicators
The cost distance surface (CDS) image of the areas presenting the highest change intensity, i.e., the most environmentally vulnerable, were standardized on a scale from 0 to 255 by a monotonically (gradually) decreasing linear function. To this end, a value of 255 was considered for the most vulnerable areas near the cultivation areas, and was continuously reduced to areas 5 km away, reaching the lowest value of 0. This distance parameter considered the possibility for community access to potential cultivation areas up to 5 km away from the fishing community. In these terms, greater distances result in the restriction of fishing community access to the cultivation sites. The images referring to the continuous surface of community family income, i.e., crop areas close to the fishing communities according to family income, were also standardized from 0 to 255 by a decreasing linear monotonic function. The values were scaled from 255, from an income of USD 250.00 or less. For incomes of over USD 250, values were usually close to 0.
The standardized images were combined to obtain a weighted average, and the same weights were applied to both the environmental and social vulnerability image (0.5). The resulting image consisted of a surface with values ranging from 0 to 255, where values closer to or equal to "255" indicate areas presenting greater social and environmental vulnerability, while values close to or equal to "0" indicate lower vulnerability areas.
The production of the socio-environmental sustainability map for seaweed cultivation was based on a reclassification of the values ranging from 0 to 255 in the resulting image into eight classes. The overlap of the classified image with the crop areas delimited by [30] and their potentiality classes allowed for the identification and proportional quantification within the cultivation areas through a cross classification, to indicate areas with greater social and environmental sustainability conditions in relation to the contiguous cultivation area. This assessment demonstrated that [30] indicated contiguous potentiality areas displaying different sustainability level potentialities.
The quantification of these cross-classification areas allowed for the incorporation of an economic and environmental appeal of the productive potential of each area into the analysis. Thus, it was assumed that local populations tend to integrate more with seaweed cultivation in greater sustainability attractiveness areas, due to the expectation that this activity will lead to employment and income generation for local communities, as well as promote the mitigation of the environmental impacts registered in these areas, already classified as more susceptible to anthropic and natural changes.
The assumption assumed demands for its materialization that communities can have access to training programs in the technical, economic-financial and environmental areas, as well as technical assistance. It is also noteworthy that Brazil continues to record conflicts related to the ownership and use of its lands, which makes it necessary to structure a legal rule that guarantees local populations full access and use of the areas necessary for the activity of algaculture.
Potential Seaweed Biomass Production Estimation
Crassiphycus birdiae cultivation is widespread and various methods are applied in this regard. These seaweeds may be grown vegetatively (i) in open waters at the bottom of bays, estuaries or reefs; (ii) on lines, ropes or nets; (iii) in lagoons; or (iv) in tanks, with the first three being the most widely applied [7] .
Estimates concerning seaweed biomass production potential as t/hectare/year used the planting system carried out in Pitangui Beach/RN as a reference, according to [44] , where cultivation is carried out through the use of a Modular Ferry System (MFS). Each ferry measures 18 x 3 meters, formed by six 3 x 3 meters modules. Six tubular nets that accommodate the seaweed for growth and subsequent collection are set in each module. The rafts are constructed with PVC pipes with lids (floatable structures), 8 mm nylon ropes, 6 mm silk ropes, tubular nets, and the floating raft's fastening structure consists of an anchor made of recycled tires and concrete.
One ferry has an estimated production potential of 146 kg of fresh biomass per production cycle. Considering the area occupied by a raft (54 m 2 ) and the area required for seaweed management (at a 2 m spacing between rafts), one hectare allows for the installation of 100 rafts, occupying a planting area of 5400 m 2 . This may produce up to 14.6 t of fresh biomass per cultivation cycle. Considering the real possibility of carrying out six cultivation cycles per year, the estimated yield potential in this system is of 87.6 t/ha/year [44] . Figure 5 displays the MFS structure applied to crop areas installed at Pitangui Beach and used as a reference for the estimates carried out herein.
The MFS used as a basis for the biomass production potential estimates was justified by the fact that this system presents low manufacturing and maintenance costs and is easy to install. This cultivation system has been traditionally used on RN's eastern and northern coasts [47] , a region with low HDI and low per capita family income, which translates into high social vulnerability. Thus, the MFS is widely accepted due to its attractiveness concerning employment and income generation in seaweed cultivation areas, as observed at Pitangui and Rio do Fogo. sidering the area occupied by a raft (54 m 2 ) and the area required for seaweed management (at a 2 m spacing between rafts), one hectare allows for the installation of 100 rafts, occupying a planting area of 5400 m 2 . This may produce up to 14.6 t of fresh biomass per cultivation cycle. Considering the real possibility of carrying out six cultivation cycles per year, the estimated yield potential in this system is of 87.6 t/ha/year [44] . Figure  5 displays the MFS structure applied to crop areas installed at Pitangui Beach and used as a reference for the estimates carried out herein. The MFS used as a basis for the biomass production potential estimates was justified by the fact that this system presents low manufacturing and maintenance costs and is easy to install. This cultivation system has been traditionally used on RN's eastern and northern coasts [47] , a region with low HDI and low per capita family income, which translates into high social vulnerability. Thus, the MFS is widely accepted due to its attractiveness concerning employment and income generation in seaweed cultivation areas, as observed at Pitangui and Rio do Fogo. 
3.3.Bioproduct Productive Potential Estimates
Bioethanol
Bioproduct Productive Potential Estimates
Bioethanol
The bioethanol production estimate considers the biomass to be obtained from the calculation of its productive potential, as defined in item 3.2. The bioethanol volumes that can be obtained through Crassiphycus birdiae cultivation are from [44] , calculated when developing a hydrolysis methodological process for bioethanol production. Considering the 58% efficiency obtained in the fermentation process, [44] estimated the equivalent of 360 liters of ethanol extracted from one ton of residual biomass, i.e., fermentable mass, composed of polysaccharides to be hydrolyzed and fermented.
The residual biomass is obtained by drying the fresh biomass, at a ratio of 1 t of fresh biomass to 0.1 t in the dry form. The dry form (resulting from sun drying) still contains 20%-25% water, which requires the use of a greenhouse or other drying method to complete the total dehydration process, resulting results in 0.08 t of dehydrated biomass [44] . The volume of dehydrated biomass contains 0.03 t of fermentable polysaccharides. Thus, one ton of residual biomass requires 33.33 t of fresh seaweed. In contrast, one tonne of fresh biomass can generate 10.8 l of ethanol by the process developed by [44] .
Biofertilizer
Biofertilizer extraction from seaweed is carried out through a crushing process, followed by filtering of the fresh biomass. Thus, the productive potential is estimated from the offered biomass as defined in item 3.2. [48] reported that biofertilizer production yields vary according to the extraction conditions and red seaweed species, reaching 70% per kilo of fresh seaweed for the strains adapted to Brazil. The practice performed in the Pitangui cultivation area by AMBAP results in the use of 50% of the fresh weight biomass. Thus, this value was used to obtain the estimates calculated out herein.
Agar
Agar is a seaweed cell wall biopolymer that can be extracted from several red seaweed species belonging to the Rhodophyta class [1] , with the Gelidium and Gracilaria genera as the most explored sources in this regard [7] .
Agar extraction is carried out by washing the seaweed to remove adhered impurities, and then immersing and heating the entire biomass in water. The agar dissolves in water and the resulting mixture is then filtered to remove any remaining residues. The warm mixture, termed "the filtrate", is then cooled to a gel (gelatin). Because the gel is highly demanded by the food industry, this bioproduct has a high commercial value [7] . The agar is offered in different forms-powder, flakes, bars and threads-which are used according to the final product destination [7] .
Rhodophyta phylum seaweed requires pretreatment to potentiate gel production, through different processes, including alkaline, hot or cold, acid or acid followed by CaCl 2 addition pretreatments [49] . Alkaline pretreatment leads to a chemical alteration on Crassiphycus agar, resulting in a high "gel power" product [7] . In the absence of this pretreatment, most Gracilaria species produce an agar with a low commercially attractive gel strength. [7] .
Rhodophyta agar extraction yields through alkaline pretreatment have been reported as ranging from 22% to 47% [47, 49] . This variation reflects the influence of climate and environmental parameters alterations [7, 47] . In this scenario, the productive potential of the agar is obtained by estimating the offered biomass as defined in item 3.2, considering the lower and upper yield limits given in literature references, of 22% and 47%.
Results and Discussion
Social and Environmental Sustainability of Potential Cultivation Areas
Based on the change detection analysis of the orbital images of Landsat 7 ETM +, 4 August 2001, and Landsat 8 OLI, 23 August 2017, given by the second PC, the areas with the most significant and intense changes are located on the coastal strip, with dune fields and beach areas undergoing the most intense phenomena,
The marked changes in these areas result from the erosive process that continues to affect these spaces. These alterations, characterized herein as "environmental changes", are due to rises in the sea level and decreased sediment input caused by anthropogenic barriers, such as disordered occupation of the beach and dune strips. In this context, the erosive process tends to worsen due to climate change [35] .
Concerning social vulnerability, most of the investigated areas were classified into the family income range below the national minimum wage, ranging from 25.00 to 550.00 USD [50, 51] . It is noteworthy that the fishing communities furthest from urban centers and those with the least influence of tourism activity present the lowest income values. Figure 6 presents the family income distribution of the populations living in localities close to potential cultivation areas. The yellow spots refer to the most susceptible or vulnerable areas due to environmental changes as considered in the study, registered between 2001 and 2017, in areas near potential cultivation locations.
The sustainability analysis of the potential seaweed cultivation areas indicates that areas presenting greater social and environmental vulnerability are more concentrated in the northern regions of the urban area of Natal, the state capital. In these areas, in addition to the intense erosion process of the beach strips, dunes were also occupied by large wind projects that use towers with an average height of 100 m and aerogenerators with an average power of 1.5 MW, which are reflected in the detection of the changes indicated by the orbital images. The most extreme environmental changes were concentrated in these areas. Figure 7 indicates the cultivated areas and the classifications according to the adopted social and environmental vulnerability level. Gray spots comprise urban areas.
fishing communities furthest from urban centers and those with the least influence of tourism activity present the lowest income values. Figure 6 presents the family income distribution of the populations living in localities close to potential cultivation areas. The yellow spots refer to the most susceptible or vulnerable areas due to environmental changes as considered in the study, registered between 2001 and 2017, in areas near potential cultivation locations. Figure 6 . Eastern coast of RN highlighting the areas presenting the greatest environmental change (yellow spots with red contours), overlapped by the household income distribution of the population located in districts near areas presenting cultivation potential [51] . Source: The authors.
The sustainability analysis of the potential seaweed cultivation areas indicates that areas presenting greater social and environmental vulnerability are more concentrated in the northern regions of the urban area of Natal, the state capital. In these areas, in addition to the intense erosion process of the beach strips, dunes were also occupied by large wind projects that use towers with an average height of 100 m and aerogenerators with an average power of 1.5 MW, which are reflected in the detection of the changes indicated by the orbital images. The most extreme environmental changes were concentrated in these areas. Figure 7 indicates the cultivated areas and the classifications according to the adopted social and environmental vulnerability level. Gray spots comprise urban areas. Figure 6 . Eastern coast of RN highlighting the areas presenting the greatest environmental change (yellow spots with red contours), overlapped by the household income distribution of the population located in districts near areas presenting cultivation potential [51] . Source: The authors. The cross-classification of the socioenvironmental vulnerability classes with the crop suitability classes presented by [30] demonstrate that the present assessment, by adding vulnerability indicators such as family income and areas susceptible to environmental change, establishes a new productive potential arrangement scenario for cultivation areas.
Tibau do Sul, Maxaranguape, Quixaba, Ponta dos Touros, and Muriú were classified as presenting a higher cultivation potential, due to greater socio-environmental vulnerability, which suggests, based on the The cross-classification of the socioenvironmental vulnerability classes with the crop suitability classes presented by [30] demonstrate that the present assessment, by adding vulnerability indicators such as family income and areas susceptible to environmental change, establishes a new productive potential arrangement scenario for cultivation areas.
Tibau do Sul, Maxaranguape, Quixaba, Ponta dos Touros, and Muriú were classified as presenting a higher cultivation potential, due to greater socio-environmental vulnerability, which suggests, based on the adopted criteria, greater potential for the engagement of local populations, as they have been unable to fit into the regional economic development process, whether in the wind industry, commerce, agriculture, or even in the tourism industry, which have not included fishing populations in their activities.
In this context, greater socioenvironmental vulnerability contributes to the expansion of the cultivation potential in a given area, since the lack of other employment opportunities makes algaculture a viable alternative.
Pipa, in the municipality of Tibau do Sul, although presenting greater cultivation potential, in terms of socio-environmental vulnerability, reflected in higher income from tourism activities, presents a restrictive variable concerning the community's involvement in seaweed cultivation activities, leading to lower socio-environmental vulnerability and, in this scenario, lower cultivation potential. Localities near the north of the state capital, between the municipality of Ceará-Mirim/RN and Touros/RN, besides displaying the best physical and climatic conditions for seaweed cultivation, present low family incomes and significant changes in the area, thus leading to high social and environmental vulnerability. Thus, these areas are attractive concerning the promotion of sustainability, since seaweed cultivation has the capacity to promote greater community engagement, fostering employment and income. In this regard, this area comprises about 602 ha with the best cultivation indicators. Table 2 presents the areas with potential for seaweed cultivation, based on a new arrangement that considers the areas in ha classified into social and environmental vulnerability levels. The figure also presents the areas calculated by [30] in ha, using as reference polygon vectors, with the areas of the present calculated in matrix format (30x30m-Landsat pixel). Except for the highlighted discrepancies, the model applied in this study serves to update the potential levels of the areas described by [30] , broadening the analysis by also considering local social and environmental determinants. 
Potential Seaweed Biomass Estimated
The calculation of the estimated potential of annual algal biomass production considers the areas presented in Table 2 , classified as low vulnerability (unattractive areas), medium vulnerability (attractive areas) and high vulnerability (very attractive areas) and use as reference the use of a MFS, with an estimated productive potential of 87.6 t/ha/year [44] . This potential is scaled from three scenarios:
(i) Scenario I considers the use of the areas classified as of maximum vulnerability (very attractive), comprising the most attractive physical and socio-environmental indicators for seaweed cultivation. These areas total 601.92 ha, where 89% are concentrated in the territorial strip located to the north of the city of Natal/RN, between the municipalities of Ceará-Mirim/RN and Touros/RN. This range already records cultivation activities of the assessed seaweed, and therefore, due to its set of attractions, is considered a priority for the development of seaweed algaculture in the region. According to the conditions presented in item 3.2, an estimated 52,728 t of fresh biomass may be produced per year, which results in 5272 t/year of commercially available dry biomass if 100% of the available areas are used. This estimate reaches 26,364 t when 50% of the areas are used and is reduced to 10,545 t when cultivation is restricted to 20% of the same areas; (ii) Scenario II considers the use of the sum of areas classified as presenting high (very attractive) and medium vulnerability (attractive), comprising 1825.47 ha distributed along the entire coast of RN. According to this scenario, under the conditions presented in item 3.2, an annual supply of 159,911 fresh biomass is estimated, resulting in 16,000 t/year of dry biomass to be sold, in the case of the use of 100% of the classified area. When 50% of the areas are used, 79,955tons are produced, and when cultivation is reduced to 20% of the same area, 31,981 tons are produced; (iii) Scenario III, less likely, estimates the use of all areas with presenting the potential for seaweed cultivation, around 2227.59 ha comprising areas of maximum, medium and minimum vulnerability -unattractive -. According to this scenario, under the conditions presented in item 3.2, the annual supply of fresh biomass would reach 195,136. t, which corresponds to 19,000 t of annual dry biomass, when using 100% of the classified areas. When using 50% of the same area, 97,568. t are produced, decreasing to 38,997. t when the cultivation area is of only 20%.
The estimated values of annual production of fresh and dry biomass, based on the presented scenarios, considering different occupation levels of the areas classified in the cultivation activity of 100%, 50% and 20%, are summarized in Table 3 . It is important to highlight that the dry biomass is the largest portion of the products sold by the state 's mariculturists' associations, AMBAP and AMAR. This product is traded at USD 50.00 per kilogram of dry mass.
The estimated values in the different scenarios presented in Table 3 reveal the inclusive potential of structuring the seaweed production chain in promoting sustainability, generating employment and income. This statement is supported by the study carried out by [52] , which points to the economic viability of dry biomass production, crediting it with an increase in the average income of the women who cultivate seaweed. [52] report that the production and marketing of dry biomass by the Rio do Fogo Mariculture Association (AMAR), has enabled an additional income of USD 75.00 for each seafood restaurant. This increase causes the per capita family income to increase by 42.9%, increasing from 85.5 to 122.2 USD, which is 100% higher than the per capita Rio do Fogo family income reported by the IBGE 2010 census [45] .
In this context, the practice of cultivating Crassiphycus birdiae, alongside its productive potential, indicate the viability of marketing Crassiphycus birdiae products, indicating that this seaweed is of significant social, economic and environmental relevance for mariculture families. This leads to the possibility of structuring a regional development model aimed at reducing inequalities and promoting the improvement of the quality of life of coastal communities.
Bioproduct Potential Estimates
Bioethanol
The estimated annual bioethanol production is carried out using the estimated biomass production potential in the classified areas, presented in Table 3 . Bioethanol extraction per tonne of fresh biomass makes use of the values referenced by [44] , which report that one ton of fresh biomass can provide 10.8 l of ethanol. This estimate is based on the three scenarios described in item 4.2 whose results are presented as follows:
(i) Scenario I-In this scenario, an estimated 569,464 liters per year of bioethanol could be produced if 100% of the available areas were cultivated, reaching 284,732 liters using 50% of the areas and 113,892 liters when cultivation decreases to 20% of the areas defined in this scenario. (ii) Scenario II-This scenario offers 1,727.04 liters of bioethanol if 100% of the available areas were to be used. This estimate reaches 863,515 liters when 50% of the areas are used and is reduced to 345,40 liters when cultivation is restricted to 20% of the same areas. (iii) Scenario III-The annual supply of bioethanol for this scenario the reaches 2,107.48 liters when using 100% of the classified areas, decreasing to 1,053,73 liters when using 50% and reducing to 421,18 liters when the cultivation area reaches only 20%.
Biofertilizer
The estimated annual production of biofertilizer considers that extraction is performed at a 50% yield from fresh biomass, according to the conditions presented in item 3.2, and that the estimates are made from the three scenarios described in item 4.2, for which the results are presented as follows: 
Agar
Estimated agar production is obtained by considering two yield percentages (22% and 47%) as described in item 3.3.3, and also specified according to the three scenarios outlined in item 4.2. Table 3 presents biomass production potential estimates for Crassiphycus birdiae from the areas identified as suitable for production on the coast of the state of RN, considering the socioeconomic and environmental aspects for this production. In Scenario I, with 22% yield, when grown in 100% of classified areas, 11,600 t of agar/year is extracted. For 50% of the areas, this value reaches 5800 t/year, decreasing to 2320 t when cultivation is performed in 20% of the areas defined in this scenario. With 47% yield, 24,782 t of agar/year extraction is obtained if 100% of available areas are used. This amounts to 12,391 t when 50% of the areas are utilized, decreasing to 4956 t when cultivation is performed on only 20% of the total area accounted for in this scenario.
Regarding Scenario II, for 22% yield, using 100% of the areas defined in this scenario, it is possible to obtain 35,180 t of agar, decreasing to 17,590 t when 50% of the areas are used, reaching only 7036 t when cultivation is restricted to 20% of the same areas. For a yield of 47%, an estimated 75,158 t of agar/year is obtained when cultivation is performed in 100% of the classified areas in this scenario. By using 50% of these same areas, 37,578 t/year are obtained, decreasing to 15,031 t/year when cultivation occupies 20% of the areas.
And finally, in Scenario III, with 22% yield, algae cultivation in 100% of classified areas results in 42,930 t of agar/year. If 50% of this same area is used, 21,464 t of agar/year will be obtained, decreasing to 8,579 t/year by using only 20% of the areas defined in this scenario. For 47% yield, this scenario estimates 91,714 t of agar/year if 100% of classified areas are cultivated, decreasing to 45,856 t of agar/year when 50% of areas are used and reaching 18,328 t of agar/year when cultivation occurs in only 20% of areas.
The productive potential of algaculture products, shown in the scenarios described in item 4.3, reveals that this activity displays significant economic, social and environmental relevance for coastal communities, reducing inequalities and promoting the improvement of life quality of these communities.
Conclusions
Seaweeds have long been present in human history as a food source. The demands placed on the promotion of sustainability put seaweed production on another level, since they can become an important raw material in bioproduct production, especially bioethanol, since they are an alternative for mitigating greenhouse gases, primarily from the transport sector, thus with the attractive power to replace liquid fuels of fossil origin.
This study emphasizes the attractiveness of the use of the Brazilian coast, in particular the northeastern coast, for bioproduct production from Crassiphycus birdiae seaweed as a support to the promotion of sustainable regional development. Stimulation of this activity has the ability to promote employment and income generation through the commercialization of seaweed-derived bioproducts.
The appropriate seaweed cultivation areas for macroalgae cultivation were determined using the Analytic Hierarchy Process (AHP) and Change Detection Analysis based on physical and infrastructure factors, such as sheltered areas from the coast to winds, sea currents and waves, proximity to seaweed banks, road infrastructure for production, and socioeconomic and environmental factors such as family income and changes in the natural environment. The seaweed bioproduct values estimated in this article allow for the conclusion that considering the level of socioeconomic development of the population inserted in the areas with present potential for seaweed cultivation (1825.47 ha) and taking as reference the cultivation practice, seaweed production in the study region displays the potential for employment and income generation. This assertion takes as a reference that, occupying 100% of the areas favorable to the production of the assessed seaweed, 16 thousand tons of dry biomass could be obtained per year. In addition, adopting the sale price of dry biomass practiced in the Rio do Fogo community, through AMAR's commercialization, which reaches USD 50.00 per kg, a market expectation of USD 800,000.00 per year is observed.
Thus, the promotion of the seaweed production chain structuring is an attractive opportunity for the insertion of coastal communities of low socioeconomic development in public policies, thus enabling the development of regional and local development models aimed at promoting sustainability, thereby reducing inequality as a means of promoting quality of life improvement of coastal communities and their sustainability.
